Genetic generalized epilepsies (GGEs) have a lifetime prevalence of 0.3% and account for 20-30% of all epilepsies. Despite their high heritability of 80%, the genetic factors predisposing to GGEs remain elusive. To identify susceptibility variants shared across common GGE syndromes, we carried out a two-stage genome-wide association study (GWAS) including 3020 patients with GGEs and 3954 controls of European ancestry. To dissect out syndrome-related variants, we also explored two distinct GGE subgroups comprising 1434 patients with genetic absence epilepsies (GAEs) and 1134 patients with juvenile myoclonic epilepsy (JME). Joint Stage-1 and 2 analyses revealed genome-wide significant associations for GGEs at 2p16.1 (rs13026414, P meta 5 2.5 3 10 29 , OR[T] 5 0.81) and 17q21.32 (rs72823592, P meta 5 9.3 3 10
29
, OR[A] 5 0.77). The search for syndrome-related susceptibility alleles identified significant associations for GAEs at 2q22.3 (rs10496964, P meta 5 9.1 3 10 29 , OR[T] 5 0.68) and at 1q43 for JME (rs12059546, P meta 5 4.1 3 10 28 , OR[G] 5 1.42). Suggestive evidence for an association with GGEs was found in the region 2q24.3 (rs11890028, P meta 5 4.0 3 10 26 ) nearby the SCN1A gene, which is currently the gene with the largest number of known epilepsy-related mutations. The associated regions harbor high-ranking candidate
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Human Molecular Genetics, 2012, Vol. 21, No. 24 genes: CHRM3 at 1q43, VRK2 at 2p16.1, ZEB2 at 2q22.3, SCN1A at 2q24.3 and PNPO at 17q21.32. Further replication efforts are necessary to elucidate whether these positional candidate genes contribute to the heritability of the common GGE syndromes.
INTRODUCTION
Epilepsy is one of the most common neurological disorders characterized by recurrent unprovoked seizures due to neuronal hyperexcitability and abnormal synchronization. Approximately 3% of the general population is affected by epilepsy (1), which has a major impact on an individual's quality of life and carries significant public health consequences. Despite advances in epilepsy research, the heterogeneous and complex molecular mechanisms involved in epileptogenesis remain elusive. Genetic factors play a predominant role in 40% of epilepsies (for review, see 2). The genetic generalized epilepsies (GGEs, formerly called the idiopathic generalized epilepsies) represent the most common group of genetically determined epilepsies accounting for 20-30% of all epilepsies (3) . The GGE syndromes are characterized by age-related recurrent unprovoked generalized seizures in the absence of detectable brain lesions or metabolic abnormalities (4, 5) . The common classical GGE syndromes include childhood absence epilepsy (CAE), juvenile absence epilepsy (JAE), juvenile myoclonic epilepsy (JME) and epilepsy with generalized tonic -clonic seizures alone (EGTCS) (6) . The typical seizure types of the common GGE syndromes are absence seizures (CAE and JAE), bilateral myoclonic seizures on awakening (JME) and generalized tonic-clonic seizures (EGTCS). The electroencephalographic signature is generalized spike-wave discharges, which reflect a synchronized hyperexcitable state of thalamocortical circuits (7) .
Concordance rates of 70-80% for GGE in monozygotic twin pairs (8) compared with the rapidly declining recurrence risk of GGEs in siblings ranging from 4 to 10% and the lifetime prevalence of 0.3% in the general population implicate a nearly exclusively genetic etiology of GGEs but also provide compelling evidence for a complex genetic predisposition. The genetic architecture of common GGE syndromes is likely to represent a biological spectrum, in which a small fraction (1 -2%) follows monogenic inheritance, whereas the majority of GGE patients presumably display an oligo-/polygenic predisposition. Twin and family studies provide evidence for genetic determinants shared across common GGE syndromes, but also suggest that different genetic configurations specify the phenotypic expression of absence and myoclonic seizures (8 -11) .
Most of the currently known genes for rare monogenic forms of genetic epilepsies encode voltage-gated or ligandgated ion channels (e.g. SCN1A, GABRA1, KCNQ2, CHRNA4) (12, 13) . So far, none of these epilepsy genes seems to play a substantial role in the genetic predisposition of common GGE syndromes. In contrast to the positional gene mapping strategies applied in rare monogenic epilepsies, numerous small-scale linkage and candidate gene association studies failed to identify replicable susceptibility genes for common GGE syndromes (14) (15) (16) (17) (18) (19) . Recently, success in identifying susceptibility variants has been achieved for the first time through an international research collaboration, which studied more than thousand subjects with common GGE syndromes. Large-scale copy number variation analysis revealed a predisposing role for recurrent genomic microdeletions at 15q11.2, 15q13.3 and 16p13.11, which, albeit individually rare, collectively represent important genetic risk factors in 3% of GGE patients (20 -22) . These concerted research efforts greatly improve the prospects of disentangling the complex genetic basis of the common epilepsies.
Genome-wide association studies (GWAS) have attracted considerable attention as a powerful and effective approach for the identification of susceptibility genes in complex human diseases (23, 24) . The high heritability and characteristic clinical features of the common GGEs highlight these as the most promising group of epilepsies for GWAS (25) . Here, we report the results of the first GWAS in GGEs including 3020 GGE patients and 3954 population controls of European ancestry. The aims of the present GWAS were to identify susceptibility alleles shared across a wide range of common GGE syndromes and to dissect out syndrome-related variants conferring the risk for either genetic absence epilepsies (GAEs) or JME. Our GWAS results implicate susceptibility loci at 2p16.1 and 17q21.32 shared by common GGE syndromes, and a syndrome-related locus at 2q22.3 for GAEs and at 1q43 for JME, respectively.
RESULTS

GWAS results for GGE
The GWAS Stage-1 discovery cohort comprised 1527 GGE patients of North-Western European descent and 2461 German population controls, matched for genetic ancestry. After single nucleotide polymorphism (SNP) imputation and stringent SNP quality controls, 4.56 million SNPs with an average genotyping call rate (CR) of .99.9% were chosen for association analysis using a linear mixed-model statistic and complementary logistic regression analysis for an additive genetic model to estimate odds ratios (ORs). The plot of the genome-wide 2log 10 P-values obtained for the linear mixedmodel analysis (P LMM ) is shown in Figure 1A .
In the discovery stage, none of the Stage-1 SNPs achieved genome-wide significance (P LMM , 5.0 × 10
28
). In total, 40 SNPs located at 14 chromosomal loci showed associations with GGE exceeding the Stage-1 screening threshold of P LMM , 1.0 × 10 25 (Table 1; Supplementary Material,  Table S1 ). Four chromosomal regions with strong linkage disequilibrium (LD) structure contained at least four SNPs with P LMM , 1.0 × 10 25 : (i) 2p24.3 (SNP rs388556, chr2:13309991; P LMM ¼ 1.1 × 10 26 Figure 1 . Genome-wide 2log 10 P LMM -values of the linear mixed-model association analysis. Manhattan plots for genome-wide association analysis of 1527 GGE patients and 2461 controls (A), 702 GAE patients and 2461 controls (B) and 586 JME patients and 2461 controls (C). 2log 10 P LMM -values of Stage-1 SNPs ( 4.5 millions) were obtained by a linear mixed-model analysis and plotted chromosome-wise against the physical position of each SNP. The triangle refers to the P meta -value of the combined Stage-1 and 2 association analysis for the significantly associated SNP. The bracket connects the P-values of Stage-1 (lower dot) and combined Stage-1 and 2 (triangle) association analyses. The blue horizontal line indicates the Stage-1 screening threshold at P LMM ¼ 10 25 and the red line the threshold for genome-wide significance at P LMM ¼ 5.0 × 10 28 . P LMM -values for X-chromosomal SNPs shown in Figure 1A -C refer to females only (947 GGE/438 GAE/372 JME versus 1179 controls). Only P LMM -values ,0.05 were presented. Fig. S3C ). The SCN1A gene encodes the neuronal sodium channel a1 subunit (Na V 1.1) and is currently the gene with the largest number (.700) of known epilepsy-related mutations (26) .
Based on the significance of the association signals and the regional LD structure, we selected nine top-ranked SNPs for Stage-2 replication analysis in two independent cohorts comprising 604 European parent -offspring trios of children with GGE and a European case -control sample consisting of 889 unrelated GGE patients and 889 ethnically matched population controls ( GGEs, genetic generalized epilepsies; GAEs, genetic absence epilepsies; JME, juvenile myoclonic epilepsy; dbSNP, annotation of a single nucleotide polymorphism according to NCBI dbSNP Build 36.3; Chr, chromosome; Position, physical chromosomal position in bps; Minor allele, SNP allele with a frequency ,50% in the entire study sample; MAF, minor allele frequency; Ca, cases; Co, control subjects; P LMM , type-1 error rate of the linear mixed-model statistic; P LRgc , P-values of logistic regression (LR) analysis adjusted for the observed genomic inflation factor; OR, odds ratio, 95%-CI: 95%-confidence interval.
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has been published in a recent GWAS of entirely independent cohorts, comprising 3445 European patients with various kinds of focal epilepsies and 6935 controls of European ancestry (16) . This GWAS reported an association of P ¼ 4.8 × 10 24 for SNP rs11890028 using logistic regression analysis for an additive genetic model. Joint association analysis of both GWAS datasets revealed genome-wide significance for the same risk allele of SNP rs11890028 (P meta ¼ 4.6 × 10 28 ; Stouffer's z trend statistic).
GWAS results for GAEs
To search for susceptibility genes conferring the risk for GAEs, a genome-wide Stage-1 association scan was carried out in 702 patients with GAEs of North-Western European origin and 2461 ethnically matched controls. The genome-wide plot of the Stage-1 2log 10 P LMM -values per chromosome is shown in Figure 1B . None of the observed P LMM -values met genome-wide significance at the discovery stage. In total, 71 SNPs exceeded the Stage-1 screening threshold of P LMM , 1.0 × 10 25 (Table 1 ; Supplementary Material, Table S1 ). 
GWAS results for JME
To identify susceptibility genes conferring the risk for JME, a genome-wide Stage-1 association scan was carried out in 586 
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Human Molecular Genetics, 2012, Vol. 21, No. 24 JME patients of North-Western European origin and 2461 ethnically matched population controls. The genome-wide plot of the Stage-1 2log 10 P LMM -values is shown in Figure 1C . None of the observed Stage-1 P LMM -values reached genome-wide significance. In total, 54 SNPs exceeded the Stage-1 screening threshold of P LMM , 1.0 × 10 25 (Table 1 , Supplementary Material, Table S1 ). The most prominent association signals were obtained in the chromosomal region 1q43 within the gene encoding the M3 muscarinic acetylcholine receptor (CHRM3) (rs12059546, chr1:238036720; Stage-2 replication analysis was carried out for five top-ranked Stage-1 SNPs with P LMM , 1.0 × 10 25 in two independent replication samples comprising 166 parent -offspring trios of children with JME and a case -control sample consisting of 382 European JME patients and 382 ethnically matched controls. The association results of the Stage-2 replication and joint Stage-1 and 2 analyses are shown in Table 2 . The joint Stage-1 and 2 P-value of SNP rs12059546, which is located in the gene encoding the M3 muscarinic acetylcholine receptor (CHRM3), reached genome-wide significance (rs12059546, chr1:238036720, P meta ¼ 4. 
DISCUSSION
GGE syndromes are considered the most promising of the common epilepsies for molecular genetic studies, because of their high heritability, diagnostic reliability and prevalence accounting for 20-30% of all epilepsies (2, 3, 13, 25) . Despite their predominant genetic etiology, previous linkage and association studies have failed to identify replicable susceptibility genes for common GGEs (14 -19) . This failure likely reflects the underestimated degree of genetic complexity and heterogeneity as well as the speculative, hypothesis-driven approach of candidate gene studies (17, 18, 27) . Here, we report the first GWAS for common GGEs, including 3020 GGE patients and 3954 controls all of European ancestry. This comprehensive and hypothesis-free approach offers a powerful tool to dissect the unknown genetic architecture of the common GGEs.
The present GWAS revealed significant associations at 2p16.1 and 17q21.32 for GGEs, 2q22.3 for GAEs and at 1q43 for JME (Fig. 1A-C) . To exclude technical artifacts, stringent array and SNP quality filters were applied to ensure a high accuracy of SNP genotyping. In addition, we used a novel linear mixed-model statistic that provides a powerful and efficient tool for accounting for all sources of stratification in a GWAS using a case -control design (28) . Thereby, we minimized the risk of spurious associations due to confounding by stratification effects or cryptic relatedness. Of note, GGE was selected as target phenotype in the present GWAS but we also explored two GGE subtypes to evaluate the hypothesis that susceptibility alleles differentially predispose to either GAEs or JME. Therefore, the interpretation of the present association results should take into account multiple testing of two additional phenotype models in an exploratory approach. Considering that our GWAS will have primarily detected those susceptibility variants enriched by chance ('winner's curse') (29), further replication efforts are necessary to validate these novel association findings.
Specifically, further validation is required for the JME-related association signal at 1q43 (P meta ¼ 4.1 × 10 28 ), which is close to the threshold for genome-wide significance (P , 5.0 × 10
28
). Of interest, an empirical evaluation of borderline genetic associations (P-value between 10 27 -5.0 × 10 28 ) demonstrated that 70% of the investigated borderline associations reached the significance threshold of P , 5.0 × 10 28 when additional data from subsequent GWASs were considered (30) . These empirical data may argue against concerns that the traditional significance threshold of P , 5.0 × 10 28 might be too lenient. Otherwise, it is likely that we have missed common genetic factors of low risk (ORs , 1.3) due to the modest power of the sample sizes investigated in the present GWAS (Supplementary Material, Fig. S1 ).
The present GWAS in common GGEs identified two genome-wide significant associations in the chromosomal regions 2p16.1 and 17q21.32. The associated genomic segments harbor interesting candidate genes, which warrant further attention. The association for GGEs/GAEs in the chromosomal region 2p16.1 is located in an intergenic region close to a recombination hot spot ( Fig. 2A) . The associated chromosomal segment consists of 900 kb encompassing the genes encoding the vaccine-related serine/ threonine kinase 2 (VRK2) and the Fanconi-anemiacomplementation L polypeptide (FANCL) distally (Supplementary Material, Fig. S3A ). Interestingly, a recent GWAS meta-analysis of schizophrenia revealed a genome-wide association near VRK2 (rs2312147, chr2:58020264; P ¼ 1.9 × 10 29 , OR[C] ¼ 1.09) (31) . Notably, the SNP rs2312147 is in modest to strong LD (r 2 : 0.25 -0.87, D ′ . 0.8) with the SNPs at 2p16.1 that display the strongest associations with GGE and GAE. These overlapping association signals suggest that schizophrenia and GGEs may share a genetic risk factor at the 2p16.1 locus. An exploration of the phenotype-deletion relationship of the 2p15-p16.1 microdeletion syndrome characterized by intellectual disability, microcephaly and intractable seizures supports the hypothesis that haploinsufficiency of the VRK2 gene may impair cortical development (32 -34) . Thereby, VRK2-associated neurodevelopmental alterations could increase the risk of GAE/GGE. The 17q21.32 locus encompasses a chromosomal segment of 650 kb harboring 10 genes ( Fig. 2C; Supplementary  Material, Fig. S3E ), of which the gene encoding pyridoxine-5 ′ -phosphate oxidase (PNPO) represents a plausible candidate gene. PNPO catalyzes the oxidation of pyridoxine-5 ′ -phosphate to pyridoxal-5 ′ -phosphate, the active co-factor form of vitamin B 6 , which is involved in neurotransmitter metabolism. Recessively inherited PNPO mutations lead to a severe deficiency of pyridoxal-5 ′ -phosphate levels in the brain and cause neonatal and infantile seizures typically occurring as status epilepticus during febrile episodes (35, 36) . In contrast to a severe PNPO deficiency caused by highly penetrant recessively inherited PNPO mutations, PNPO sequence variants with modest effects on pyridoxal-5 ′ -phosphate levels could result in an impaired neurotransmitter homeostasis leading to an increase of seizure susceptibility. With respect to the therapeutic implications of pyridoxal-5 ′ -phosphate deficiency, PNPO represents a high-priority metabolic candidate gene with potential clinical relevance (37) .
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Two other potential candidates at 17q21.32 are the gene encoding the heterochromatin protein-1 (CBX1) and the gene encoding the CDK5 regulatory subunit-associated protein 3 (CDK5RAP3); both are involved in the control of neuronal differentiation and neuron migration during cortical development (38, 39) . These neurodevelopmental alterations correspond well with the observation of microdysgenesis of mesiofrontal cortical structures in JME and other GGEs (40) (41) (42) . Interestingly, we found suggestive evidence for association of GGE in the chromosomal region 2q24.3 that encompasses the SCN1A gene ( Fig. 2B; Supplementary Material,  Fig. S3C ). SCN1A is a highly conserved gene encoding the a subunit of the neuronal voltage-gated sodium channel that plays a central role in the generation and propagation of action potentials in both neuronal and glial cells (26) . SCN1A is currently the gene with the largest number (n . 700) of epilepsy-related mutations (for review, see 26). Mutations in the SCN1A gene were identified in 10% of patients with generalized epilepsy with febrile seizures plus (GEFS+) and 95% of children with severe myoclonic epilepsy in infancy (SMEI) (26, 43, 44) . The key role of SCN1A mutations in the expression of predominantly generalized seizures in GEFS+ families implicates an involvement of SCN1A also in the pathogenesis of common GGE syndromes. Consistently, we obtained association signals achieving intermediate significance for several SNPs at the SCN1A locus (top-ranked SNP: rs11890028, P meta ¼ 4.0 × 10
26
). Of interest, supportive evidence for an association of the SCN1A SNP rs11890028 with focal epilepsies has also been reported in a recent GWAS of focal epilepsies (16) . Joint association analysis reaches genome-wide significance for the SNP rs11890028 (P meta ¼ 4.6 × 10
28
) emphasizing an intriguing role of SCN1A as a genetic risk factor for a wide spectrum of common epilepsy syndromes. Taking into account that the top-ranked association signals are located in the intergenic region of 135 kb between the SCN1A and SCN9A genes (Supplementary Material, Fig. S3C) , it is also possible that susceptibility alleles at the SCN9A locus may contribute to the association findings in the 2q24.3 region (45) .
In an exploratory approach, we also addressed the question whether susceptibility variants differentially predispose to either GAEs or JME. Twin and family studies suggest that heterogeneous configurations of oligo-/polygenic factors, consisting of both shared and specifying susceptibility alleles, differentially determine the expression of either typical absence seizures (CAE and JAE) or JME-related myoclonic seizures (8 -11) . Despite the relatively low numeric power of the GAE-and JME subgroups, we presumed that a thorough delineation of more homogeneous GGE phenotypes/endophenotypes and narrowly defined inclusion criteria of GGE subgroups may result in an enrichment of GGE subtype-related risk factors that facilitate the dissection of the complex and heterogeneous genetic basis of the common GGE syndromes (17, 18) . In support of this assumption, we found a genome-wide significant association for GAEs in the chromosomal region 2q22.3 and for JME at chromosome 1q43. Overall, the top-associated loci, achieving only intermediate significance at the discovery stage, considerably differed between both GGE subgroups, although the same control cohort was used for the case -control association analyses. However, given the limited power of both GGE subgroups, the top-ranked association signals do not reach significance levels that allow clarifying the hypothesis whether heterogeneous sets of genetic risk factors differentially confer susceptibility to either GAEs or JME (see Fig. 1B and C; Supplementary Material, Table S2 ). Nonetheless, the current results should encourage further studies on larger GGE cohorts to search for syndrome-related susceptibility genes.
The significant association for GAEs in the chromosomal region 2q22.3 is located in an intergenic region (Fig. 2A) . The nearest gene encodes the zinc finger E-box-binding homeobox 2 protein (ZEB2) which is located 80 kb upstream of the top-ranked association signal (rs10496964, P meta ¼ 9.1 × 10
, OR[T] ¼ 0.68). Mutations in the ZEB2
gene cause the Mowat -Wilson syndrome that is characterized by intellectual disability, distinct facial features and congenital anomalies such as Hirschsprung disease, congenital heart defects, corpus callosum agenesis and urinary tract anomalies (46) . About 74% of patients with Mowat -Wilson syndrome are also affected by epilepsy (46) . This intriguing comorbidity emphasizes common pathogenic mechanisms that operate in both the conditions.
The association with JME at 1q43 encompasses a chromosomal segment of 100 kb flanked by two recombination hot spots. It covers the distal part of the CHRM3 gene ( Fig. 3B; Supplementary Material, Fig. S3I ). Although it is well established that mutations of genes encoding neuronal nicotinic acetylcholine receptor subunits (CHRNA4, CHRNB2) cause autosomal dominant nocturnal frontal lobe epilepsy (for review, see 47) , it remains to be determined whether genes encoding muscarinic acetylcholine receptors also play a role in epileptogenesis. Muscarinic effects on striatal cholinergic interneurons modulate thalamic gating of corticostriatal signaling (48) . More specifically, the hippocampal CA3 transcriptome signature in surgically removed sclerotic hippocampi of patients with refractory mesial temporal lobe epilepsy revealed a cell-type specific expression of the M3 muscarinic acetylcholine receptor in distinct subtypes of hippocampal interneurons, providing a molecular mechanism for a differential cholinergic modulation of hippocampal circuitry (49,50) which may influence synchronization and excitability of thalamocortical circuits and thereby seizure susceptibility (7, 50) . However, muscarinic M3-receptor knockout mice do not show increased pilocarpine-induced seizure activity (51) .
In summary, we present the first GWAS of GGE syndromes, the most common form of all inherited epilepsies, and report allelic associations at 1q43, 2p16.1, 2q22.3, 2q24.3 and 17q21.3. The associated regions harbor high-ranking candidate genes: CHRM3 at 1q43, VRK2 at 2p16.1, ZEB2 at 2q22.3 and PNPO at 17q21.32. In context with the causative role of SCN1A mutations in GEFS+ and SMEI (43, 44) , our results provide emerging evidence that susceptibility variants of the SCN1A gene may also increase the risk of common GGE syndromes. Further replication studies are necessary to validate these novel association findings and to delineate their phenotype -genotype relationships. 
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MATERIALS AND METHODS
Study participants
Epilepsy patients of European ancestry with common GGE syndromes (CAE, JAE, JME and EGTCS alone with age-at-onset ,26 years) were recruited as a concerted effort of national and international epilepsy genetics programs integrated in the European EPICURE Project (http://www.ep icureproject.eu). Phenotyping and diagnostic classification of GGE syndromes were carried out according to standardized protocols (available at: http://portal.ccg.uni-koeln.de/ccg/ research/epilepsy-genetics/sampling-procedure) (4 -6) and were reviewed by experienced epileptologists. Individuals with a history of severe major psychiatric disorders (autism spectrum disorder, schizophrenia, affective disorder: recurrent episodes requiring pharmacotherapy or treatment in a hospital), or severe intellectual disability (no basic education, permanently requiring professional support in their daily life) were excluded. The study protocol was approved by the local institutional review boards and all study participants gave informed consent. The GWAS followed a two-stage process (52): Stage-1, high-density SNP association scan in a case -control discovery sample; followed by Stage-2 replication and joint (Stage-1 and 2) association analysis of the Stage-1 association signals exceeding P LMM , 1.0 × 10 25 in two independent replication samples of European ancestry.
Stage-1 GGE discovery sample After quality control (QC) of the individual array data, 1527 unrelated patients with GGE (947 females/580 males) and 2461 German population controls (1179 females/1282 males) were included in the genome-wide high-density SNP scan. The GGE patients had the following syndromes: CAE n ¼ 480, JAE n ¼ 215, unspecified GAE n ¼ 7, JME n ¼ 586, EGTCS on awakening n ¼ 93 and EGTCS alone n ¼ 146. The origins of these subjects, by country, were: Austria n ¼ 231, Belgium n ¼ 41, Denmark n ¼ 93, Germany n ¼ 885 and The Netherlands n ¼ 277. Array SNP data of 2461 German control subjects were obtained from the PopGen Biobank and the KORA (Cooperative Health Research in the Region of Augsburg) research platform representing epidemiologically recruited cohorts from the Northern (Schleswig, PopGen, n ¼ 1080) and Southern (Augsburg, KORA, n ¼ 1381) regions of Germany. Although the control subjects were not screened for epilepsy, the loss of power is likely to be minimal as the prevalence of GGEs is only 0.3% (50).
Stage-1 GGE discovery subgroups
To dissect out susceptibility alleles differentially conferring the risk for either GAE or JME, we formed two distinct GGE subgroups consisting of: (i) 702 patients with GAEs (CAE/JAE/unspecified GAE; 438 females/264 males) without JME; and (ii) 586 patients with JME (372 females/ 214 males) irrespective of whether absence seizures occurred. For the association analyses, each group of GGE patients was compared with the entire sample of 2461 controls.
Stage-2 replication cohorts
The Stage-2 replication cohorts comprised 604 European parent-offspring trios of children with GGEs (378 females/ 226 males; syndrome classification: CAE/JAE n ¼ 347, JME n ¼ 166, EGTCS alone n ¼ 91; origins by country: Australia/ UK n ¼ 135, Bosnia/Croatia n ¼ 4, Bulgaria n ¼ 4, Denmark n ¼ 31, Finland n ¼ 10, France n ¼ 18, Germany n ¼ 12, Greece n ¼ 1, Italy n ¼ 260, Spain n ¼ 5, Sweden n ¼ 1, The Netherlands n ¼ 5, Turkey n ¼ 118), and a case-control sample of European descent consisting of 889 patients with GGEs (571 females/318 males; syndrome classification: CAE/ JAE n ¼ 385, JME n ¼ 382, EGTCS alone n ¼ 122; origins by country: Australia/UK n ¼ 264, Denmark n ¼ 44, Finland n ¼ 6, France n ¼ 114, Germany n ¼ 130, Italy n ¼ 79, Spain n ¼ 53, The Netherlands n ¼ 39, Turkey n ¼ 160) and 889 ethnically matched control subjects (398 females/491 males). The Stage-2 GAE subgroup included 347 trios and 385 GAE patients and 385 ethnically matched controls. The Stage-2 JME subgroup consisted of 166 trios and 382 JME singletons and 382 ethnically matched controls.
Array quality control and population stratification analysis
Initially, the Stage-1 case-control sample consisted of 1595 GGE patients of North-Western European descent and 2518 unselected German population controls. DNA was extracted from blood samples and lymphoblastoid cell lines using standard procedures. All Stage-1 DNA samples were genotyped by the Affymetrix Genome-Wide Human SNP Array 6.0 (Affymetrix SNP 6.0 array; Affymetrix, Santa Clara, CA, USA) at either the Affymetrix Genotyping Service (Santa Clara) or ATLAS Biolabs (Berlin, Germany). We removed 125 subjects (68 cases and 57 controls) from the Stage-1 case-control sample according to four QC criteria: (i) discordant gender information (n ¼ 1); (ii) overall SNP CR ,95% or excessive heterozygosity rate of autosomal SNPs .29.5% (n ¼ 1); (iii) duplicated or related individuals exceeding an identityby-state (IBS) allele sharing .1.55 (n ¼ 12); (iv) ancestry outliers identified by IBS outlier detection diagnostics (proportion of significantly different other samples .25%; n ¼ 82) and subsequently by multidimensional scaling (MDS) analysis of IBS genetic distances (n ¼ 29) using PLINK (53) . After quality control, the GWAS Stage-1 discovery sample included 1527 GGE patients and 2461 genetically matched controls.
SNP genotype quality control and SNP imputation
Stage-1 SNP 6.0 array genotyping Genome-wide genotyping of .906 600 SNPs was performed using the Birdseed v2 algorithm implemented in the Affymetrix Genotyping Console 4.0 (genotype confidence score: ,0.1, annotation file: GenomeWideSNP_6.na30, NCBI build 36.3) (54). SNP genotyping was carried out separately for 10 batches, each representing array assemblies processed at different time points or locations. SNPs with high genotyping accuracy were selected for SNP imputation according to the following QC criteria: (i) minor allele frequency (MAF) ,5% in cases or controls, (ii) CR ,98% for SNPs with MAF .10% and CR ,99% for SNPs with MAF ,10% in either cases or controls, (ii) difference of missing data .1%
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Human Molecular Genetics, 2012, Vol. 21, No. 24 between the cases and controls, (iv) deviation from the Hardy -Weinberg equilibrium (HWE) with P , 1.0 × 10 24 in the controls and (v) differences in the allele frequencies with P , 1.0 × 10 24 across three batches of cases and between two batches of controls (KORA and PopGen). Finally, the intensity cluster plots of the top-ranked associated SNPs (P , 1.0 × 10
25
) of a provisional association analysis were checked manually for clustering errors. After QC, 572 071 autosomal SNPs with an overall genotyping CR of 99.74% were used for SNP imputation to maximize genomic coverage. ), the regional LD structure and the imputed information quality score (cut-off: ≥0.9). Genotyping of the Stage-2 SNPs was performed by the Sequenom iPLEX Gold system (Sequenom, Inc., San Diego, CA, USA) using matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry (56) at the genotyping platform at the Institute of Clinical Molecular Biology (University Medical Center Schleswig-Holstein, Kiel, Germany). Two SNPs (SNP ID: rs1110615, assay-ID: C___7539479_10; rs17669194, C__34702952_10) were genotyped by TaqMan w SNP genotyping assays according to the manufacturer's instructions (Life Technologies, Carlsbad, CA, USA).
SNP imputation
To assess the accuracy of Stage-1 and 2 SNP genotyping, 112 Stage-1 sample replicates and 68 Stage-2 sample duplicates were genotyped in the Stage-2 replication analysis. For the imputed Stage-1 SNP genotypes, the individual genotype with the highest posterior probability was selected using a cut-off threshold of at least 0.4. The comparison of Stage-1 and Stage-2 SNP genotypes revealed a critical concordance rate of 96% for SNP rs4667876. Therefore, this SNP was removed from Stage-2 analysis. The remaining 21 Stage-2 SNPs showed an allelic replication rate of .99.5% with an average concordance rate of 99.8%. For the 68 Stage-2 sample duplicates, the SNP genotype concordance rate was 100%. Overall, we observed one Mendelian error in 604 parent -offspring trios. Altogether, these quality checks demonstrate a high genotyping accuracy of the SNPs selected for Stage-2 replication analysis.
Association analyses and controlling for population structure
Genome-wide Stage-1 association analysis of the imputed SNPs was performed for genotype dosages using SNPTESTv2 (www.stats.ox.ac.uk/~marchini/software/gwas/snptest.html), which incorporates information about uncertainties of genotype callings (57) . To correct for potential confounding effects of population stratification, we applied logistic regression analysis, assuming an additive model adjusted for gender and the top four dimensions of PLINK MDS analysis as covariates. Despite this attempt to correct for structure using MDS components, the quantile -quantile (QQ) plots of the P-values obtained by logistic regression analysis still showed a substantial overall inflation of the test statistic resulting in a genomic inflation factor of l GC ¼ 1.11 (l GC1000 ¼ 1.06) for the Stage-1 GGE-, l GC ¼ 1.05 (l GC1000 ¼ 1.05) for the GAE-and l GC ¼ 1.06 (l GC1000 ¼ 1.06) for the JME case-control samples. To correct for the residual inflation of the test statistic, the observed l GC was used to adjust the type-I error rates of logistic regression analysis (P gc ) (52) . Although genomic inflation is expected to some extent in the presence of polygenic inheritance (58), some unexplained inflation could not be removed by logistic regression analysis. To remove any residual inflation of the test statistic, we applied a novel factored spectrally transformed linear mixed-model (FaST-LMM; http://mscomp bio.codeplex.com) that explicitly captures all sources of structure based on estimates of the genetic relatedness of individuals (28) . Therefore, a covariance matrix R was generated by calculating for every pair of individuals the genome-wide averaged correlation of their relatedness based on 238 K highquality SNPs. Thereby, the genomic inflation was almost eliminated, resulting in l GC ¼ 1.006 for the Stage-1 GGE-, l GC ¼ 0.988 for the GAE-and l GC ¼ 0.999 for the JME case -control samples (Supplementary Material, Fig. S2A -C) . Association analysis of genotyped X-chromosomal SNPs was restricted to female subjects only. To adjust for multiple testing of 4.56 million correlated SNPs, we assessed the effective number of independent tests using the software tool 'Genetic type-1 error calculator' (59) . In total, we carried out 764 825 independent tests per phenotype, corresponding to a nominal significance threshold of P 6.5 × 10 28 to achieve a genome-wide type-1 error rate of P ¼ 0.05. Accordingly, the threshold for genome-wide significance was set to a nominal P-value of ,5.0 × 10
28
. Regional visualization of GWAS results was produced by the program LocusZoom version 1.1 (60) . GWAS Manhattan plots were generated using Haploview 4.2 (61) . SNP and gene annotations refer to NCBI build 36.3/UCSC hg18.
Power calculations
Power calculations were performed using a CaTS power calculator (62) . Joint analysis of the GWAS Stage-1 and 2 GGE samples has a power of 80% to detect a variant with an OR of ≥1.31 at a type-I error rate of P ¼ 5.0 × 10 28 , assuming a disease prevalence of 0.3%, an additive genetic model, a strong LD (r 2 ¼ 1) between the causal variant and the SNP allele, and a frequency of the disease-associated allele of at least 20% in controls. Likewise, 80% power was obtained for OR .1.44 in GAE and for OR .1.50 in JME. 
